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Abstract: Soybean (Glycine max) are a vital legume crop present in the United States 
with substantial nutritional value and oil content. In 2017, 36,421,707 ha of soybean were 
harvested in the US (USDA, 2017). As soybean markets increase and stabilize, input 
strategies become exceedingly beneficial to further increase yield and monetary oil 
content potential for producers. Various articles indicate that the addition of sulfur (S) 
can assist in the synthesis of amino acids and proteins, and also increase nitrogen (N) 
fixation, further increasing oil content for oilseeds. The objective of this study was to 
evaluate the effect of S application rate and timing on soybean to further increase oil 
content and grain protein. The application of fertilizer nitrogen (N) either before planting 
and/or during the growing season impacts final grain yield differently depending on the 
environment. Oklahoma State University initiated a long-term winter wheat trial in 2002, 
to evaluate a combination of preplant and topdress rate on wheat grain yield and N 
response. This long-term field experiment is located at Lake Carl Blackwell, Oklahoma.  
Treatments included combinations of all N applied preplant and added sidedress 
applications in February and March. Total N rates ranged from 0 to 150 kg N ha-1. 
Preplant N applications were made using ammonium nitrate (34-0-0) (N-P-K). 
Midseason February and March applications used urea ammonium nitrate (UAN) (28-0-
0) as the N source. For all years, winter wheat was planted in October and harvested the 
following July. From 2002 to 2018, grain yield, nitrogen response, and normalized 
difference vegetative index (NDVI) were analyzed to decipher the optimum preplant and 
topdress N combinations that would maximize wheat grain yields, over a wide range of 
environments (years).  It was clear over the ten years where yield data was collected, split 
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OPTIMUM SULFUR APPLICATION FOR SOYBEAN (Glycine max) IN 
OKLAHOMA. 
ABSTRACT 
Soybean (Glycine max) are a vital legume crop present in the United States with 
substantial nutritional value and oil content. In 2017, 36,421,707 ha of soybean were 
harvested in the US (USDA, 2017). As soybean markets increase and stabilize, input 
strategies become exceedingly beneficial to further increase yield and monetary oil 
content potential for producers. Various articles indicate that the addition of sulfur (S) 
can assist in the synthesis of amino acids and proteins, and also increase nitrogen (N) 
fixation, further increasing oil content for oilseeds. 
The objective of this study was to evaluate the effect of S application rate and 
timing on soybean to further increase oil content and grain protein. Four field 
experiments in 2017, three field experiments in 2018, and one field experiment in 2019 
were used. All trials in 2017 were double crop soybean, following winter wheat harvest 
and under no-tillage. Two trials in 2018 were full season soybean (LCB and Perkins 
north), while one was double crop (Perkins south), and all under conventional tillage. In 
2019, a double crop soybean trial was planted in a conventional-tillage setting. 
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In 2017, field trials located in Garber, OK were planted at 210,000 seeds per ha-1 at a row 
spacing of 762mm and field trials in Lamont, OK were planted at 210,700 seeds ha-1 with 
a row spacing of 381mm. 
In 2018, LCB and Perkins north were planted at 232,180 seeds ha-1, while Perkins 
south was planted at 316,160 seeds ha-1. In 2019, LCB was planted at 316,160 seeds ha-1.  
All field experiments were conducted within the state of Oklahoma. 
Treatments included a zero-N-check and zero-S-check with no N or S, in addition 
to S and N preplant and sidedress applications ranging anywhere from 5 to 14 kg ha-1 of 
actual S and N, respectively.  Preplant soil samples were taken from both surface and 
subsurface prior to preplant N and S applications. Ammonium nitrate was used for both 
preplant and sidedress applications of N and ammonium sulfate for S applications. 
Research concluded that the addition of S had little to no benefit relative to increasing oil 
and protein content in soybean. In some cases, the addition of S has decreased yields, 
especially when the soil was 100% sufficient prior to seasonal S application.  
INTRODUCTION 
Soybeans are known to be the second largest crop grown in the United States (Soy 
Grown in the USA, 2017). Soybeans are known for their high protein and oil content. 
They contain high sources of calcium (Ca) and phosphorus (P), which include vitamins 
A, B, C, and D (Farhad et al., 2010). Within a protein and oil-based soybean, high quality 
protein is present, anywhere between 420-450 g kg-1 and edible oil nearly 200-220 g kg-1 
(Farhad et al., 2010).   
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In 2016, the United States produced 117 million metric tons of soybean (U.S. 
Yield & Production: Production History, 2017). In addition, the average yield for that 
year was 3.05 Mg ha-1 (White, 2017). Soybeans are a vital crop, not just for their legume 
characteristics, but for their oilseed, as well. Soybeans represent 61% of the total oilseed 
production in the world (2016 Soy Highlights, 2017).  
In 2016, the United States produced 10.2 million metric tons of soybean oil, while 
being the consumer for 9.3 million metric tons. Overall, 54% of the total U.S. oil 
consumption comes from soybean production. In 2016, 196 thousand hectares were 
planted to soybeans in Oklahoma, with an average yield of two metric tons per hectare 
(U.S. Planting Data: Soybean Area Planted by State, 2017). Soybean value is increasing, 
as consumers are searching food labels that are clean and specified to diet 
recommendations. Furthermore, consumers are more likely to purchase soybean oil, by 
nearly 87% due to increased health benefits. Retailers and manufacturers are noticing 
percent sale increases, when food-based products contain 100% US-grown soybean. 
Additionally, consumers are 75% more likely to purchase their vegetable oil, if the label 
states that it is 100% US-grown soybean oil (Soy Grown in the USA, 2017). 
Soybeans are well-known for their unique and versatile chemical make-up, 
making them a valuable commodity. Mature soybeans are broken down into 5 categories, 
such as protein at 350 g kg-1, oil at 190 g kg-1, insoluble carbohydrates at 150 g kg-1, 
soluble carbohydrates at 15 g kg-1, and moisture ash and other at 130 g kg-1 (Wykes, 
2018). Additionally, soybean contain isoflavones, which are known for the powerful 
ability to prevent human cancers and other diseases (Messina et al., 1994).  
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Grain yield will continuously be the number one focus for producers, when 
searching for seed varieties, but since the early 2000’s, the importance of oil content in 
soybean has been a striking key factor for producers. In 2001, various elevators began 
distributing oil premiums to producers who met specified oil percentages at crushing 
plants. When grain reaches an elevator, it is evaluated for foreign material (FM) and grain 
moisture at levels that are higher than 130 g kg-1 (Wykes, 2018). Elevators then sell 
soybean to crushing plants or processors. Processors evaluate grain for protein, oil, and 
amino acid levels. Processors will pay elevators or grain producers for the metric tons of 
soybean that they bring in. The premium that producers receive is based on the quality of 
the soybean product and what processors are able to produce from that certain load of 
grain (Ramesh, 2002). Consumer demand levels of protein and oil contents that 
processors must meet. Maintaining high protein and oil levels is crucial for producers, 
when it comes to the production of soybean meal. Protein and oil percentages drive the 
market and demand for soybeans, which increases profitability for producers. Ag 
Processing Inc (AGP), the third largest soybean crusher in the nation, paid up to 7 and a 
half cents per bushel at the higher end of a premium sale. Premium sales would begin at 
190.6 g kg-1 of oil, paying one cent to the producer for every g kg-1 of oil above that 
given level. High-oil premiums can be worth nearly $8.65 ha-1 at yield levels of 3 Mg ha-1 
(Hest, 2001). 
Sulfur is a mineral and micronutrient that is essential for plant life (Schnug et al., 
2005). Sulfur is considered a secondary nutrient, together with calcium (Ca) and 
magnesium (Mg) (Davidson, 2014). Of the 17 essential elements for plant growth, S 
ranks 13th for its abundancy (Tisdale et al., 1975).  
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It is an ample element of the earth’s crust that is commonly removed from volcanic 
deposits and salt domes. Sulfur is vital for the growth of various plants due to its 
synthesizing characteristics in coenzyme A, biotin, thiamin, vitamin B, and glutathione 
(Farhad et al., 2010). Sulfur is an essential building block in chlorophyll development 
(Haun, 2018). Sulfur plays an important role in protein synthesis and is a component of 
amino acids, proteins, and peptides (Davidson, 2014). Cysteine, cysteine, and methionine 
are essential amino acids containing S, playing critical roles in the chemical make-up of a 
soybean. Having proper S concentrations in the soil prior to planting, is critical. 
Concentrations that meet 2.7 to 4.5 kg ha-1 of SO4-2 are adequate for plant growth. Sulfur 
deficient soils will range anywhere between 4.5 and 9 5 kg ha-1 and typically lower than 
4.5 to 5 kg ha-1 in sandy soils (Tisdale et al., 1975).     
Research was conducted by Suman et al. (2018), looking at the addition of S and 
phosphorus (P) in soybean. They noted an increase in oil by 2.3 to 4.8 g kg-1 when 10 to 
20 kg S ha-1 was applied. Suman et al. (2018) also stated that an increase in oil content 
with S application was potentially due to the assistance of oil synthesis from S by 
enhancing the level of thioglucosides.  Former research from Majumdar et al., (2001) and 
Kumar et al., (2009) also noted and increase in protein and oil content due to P and S 
applications. Consequently, the question was, can the addition of S at various rates, 
further increase protein and oil content in soybean?  
OBJECTIVE 
The objective of this study was to evaluate the effect of S application rate and 
timing on soybean to further increase oil content and grain protein.  
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MATERIALS AND METHODS 
In order to evaluate the effects of S applications in double crop and full season 
soybean, multiple experiments were established. In 2017, four locations were included 
for the growth of double crop soybean, following wheat harvest (Table 1.1). Three 
locations were included in 2018, two full season soybean trials and one double crop trial 
(Table 1.2). One location of double crop soybean was evaluated in 2019 (Table 1.3). All 
trials were within the state of Oklahoma. 
Oklahoma, two near Garber (Mr. Tyler Schnaithman) and two in Lamont (Mr. 
Brad Griffin) in 2017, one at Lake Carl Blackwell (LCB) and two at Perkins in 2018, 
followed by one in Perkins in 2019. A randomized complete block design (RCBD) with 9 
treatments and four replications was used for all experimental studies, with 3 by 6 m plots 
and a 3 m alley between each replication (Table 1.4). Treatments included zero-N-check 
and zero-S-check with no N or S, in addition to S and N preplant and sidedress 
applications ranging anywhere between 5 and 14 kg ha-1 of actual S and N (Table 1.4). 
Preplant soil samples were taken both surface and subsurface prior to preplant N and S 
applications (Table 1.7- Table 1.14). Ammonium nitrate (AN) was used for both preplant 
and sidedress applications of N and ammonium sulfate (AS) for S applications for this 
study.  
For all trials, commercial pesticides were used to minimize plant and/or yield loss 
from insect(s) and weed(s). In 2017, field trials located in Garber, OK planted at 210,000 
seeds ha-1 and 210,700 seeds ha-1 for trials located in Lamont, OK (Table 1.1).  
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In 2018, LCB and Perkins north were planted at 232,180 seeds ha-1, while Perkins south 
was planted at 316,160 seeds ha-1 (Table 1.2). In 2019, LCB was planted at 316,160 seeds 
ha-1 (Table 1.3). All locations were harvested with a Kincaid 8XP self-propelled 
combine. Grain yields were collected at harvest, subsampled, and analyzed for yield and 
total protein and oil with Near-infrared (NIR) instrumentation. 
RESULTS AND DISCUSSION 
2017 
Garber north  
For the 2017 trial at Garber, yield differences were small (Table 1.15). This was 
consistent when observing the treatment means for oil at this site. For the most part, the 
only variable that showed a significant treatment difference was protein. This was 
reflected in finding somewhat higher values in grain protein for the check plot where no 
N was applied (Table 1.15). This was also found in similar studies conducted by Terman 
et al. (1969), who found a significant inverse relationship between protein and yield in 
winter wheat.  
Average soybean yields in Oklahoma are roughly 1.8 Mg ha-1, requiring 8.1 kg 
ha-1 of S. In order for a producer to meet a soybean yield goal of 3.5 Mg ha-1, 16.2 kg ha-1 
of S is required (Table 1.6) (Zhang et al., 2017). As noted in Table 1.7, preplant soil test 
SO4-S levels were 100% sufficient thus no fertilizer S would be recommended nor would 
a response be likely. 
8 
 
 As a result of applying excess S, yields may well have been reduced via potential 
acidification of the soil at this location.  
Contrast three was significantly different at the 0.10 alpha level, further indicating that 
AN applied sidedress did increase yields, as AN was applied during the peak for N plant 
uptake. A robust inverse relationship between protein and oil was seen at this location 
(Figure 1.1). 
Garber south 
For the 2017 trial at Garber, yield differences were minor.  This was consistent 
when observing the treatment means for protein at this site. The only variable that 
showed significant differences as a function of treatment was oil (Table 1.16). Changes in 
dependent variables evaluated, could be due to a change in soil texture from a silt loam to 
a silty clay noted beneath the experimental site. An inverse relationship between protein 
and oil was also seen at this location (Figure 1.2).  
Lamont east 
For the 2017 trial at Lamont, yield differences were limited.  This was further 
consistent when observing the treatment means for protein and oil at this site (Table 
1.17).  It was noted that the highest yields (treatment 2 and 7), resulted in the highest oil 
concentration. This further showed the significant inverse correlation between oil and 
protein (Figure 1.3). As concentration of one element increases, it can further reduce the 




For the 2017 trial at Lamont, yield differences were small. This followed a similar 
trend when observing treatment means for protein and oil at this site (Table 1.18).  
It was yet again noted that our highest yields (treatments 1, 4, 7, 8, and 9), resulted in 
highest oil concentration. This further showed the significant inverse correlation between 
oil and protein (Figure 1.4).  
2018 
Lake Carl Blackwell 
For the 2018 trial at LCB, yield differences were yet again minimal.  This was 
also further consistent for treatment means for both protein and oil at this site (Table 
1.19). Contrast four was significantly different at the 0.05 significance level, resulting in 
higher oil content and yield, when AS was applied sidedress (Table 1.19). Response 
displayed an inverse relationship between oil and protein (Figure 1.5). Significance was 
likely less, due to poor grain quality from pot and stem rot, during the late reproductive 
stage.  
Perkins north 
For the 2018 trial at Perkins, yield differences were minimal. Low soybean yields 
were noted, due to deer damage at the reproductive stage (Table 1.20). Protein and oil 
were both significant at the 0.01 and 0.05 percent significance level. Initial soil test S 
levels were low (Table 1.12), contributing to increasing protein and oil levels. Oil 
concentration did increase when AN was applied preplant. Contrast four was significantly 
different at the 0.01 significance level, resulting in higher oil content when AS was 
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applied sidedress (Table 1.20). Data yet again displayed an inverse correlation between 
oil and protein (Figure 1.6).  Treatment differences were more difficult to detect, due to 
lower grain yields and quality following deer damage.  
Perkins south 
For the 2018 trial at Perkins, yield differences were limited.  This was consistent 
for both protein and oil at this site (Table 1.21). Data yet again displayed an inverse 
relationship between oil and protein (Figure 1.7). During this growing season, minimal 
rainfall was present in July, causing a potential decrease in oil content (Table 1.5). When 
drought occurs later in the growing season, protein increases, resulting in lower oil 
content (United Soybean Board, 2019). Also, stink bugs (Halyomorpha halys) were 
present during the reproductive stage, potentially impacting grain quality (United 
Soybean Board, 2019).  
2019 
Lake Carl Blackwell 
For the 2019 trial at LCB, yield differences were small.  This was consistent for 
both protein and oil at this site (Table 1.22). Lake Carl Blackwell, had an early freeze, 
during the reproductive stage of double crop soybeans, causing a reduction in yield. 
Added freeze assists in explaining low yield and low grain quality. Results showed a 






For all seven locations from 2017- 2019, applied S did not result in marked 
differences in grain yield, oil content or grain protein. Soil test S levels were 100% 
sufficient or close to as much and where treatment differences would not be expected. 
According to Fenn et al. (2014), annual rainfall can contribute 2.5 to 23.7 kg ha-1 of S. 
The quantities of rainfall received for the 2017, 2018, and 2019 growing seasons, could 
have potentially reduced response to S for oil content and grain protein. It is critical to 
note that the addition of S in central OK, was not beneficial as no increase in oil content 
or grain protein was seen. If producers throughout Oklahoma are questioning a need for S 
fertilizer, preplant soil samples should be taken to better understand soil test S levels, 









Table 1. Summary of location, soil type, tillage method, preplant date, planting date, sidedress date, seeding  
population, and harvest date to evaluate optimum S rate in double crop soybean, 2017, Garber and Lamont, OK.   






























Table 2. Summary of location, soil type, tillage method, preplant date, planting date, sidedress date, seeding population, and 
harvest date to evaluate optimum S rate in full season and double crop soybeans, 2018, Perkins and Lake Carl Blackwell, OK. 


























29-Jun-18 29-Jun-19 7-Sep-18  316,160 P48A60X 30-Oct-18 















Table 3. Summary of location, soil type, tillage method, preplant date, planting date, sidedress date, seeding 
population, and harvest date to evaluate optimum S rate in double crop soybeans, 2019, Lake Carl Blackwell, OK.   

















26-Jun-19 26-Jun-19 16-Aug-19 316,160 P48A60X 5-Nov-19  
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Garber 2017 63.5 59.2 84.6 135.6 86.4 93.2 3.8 819.9 
Lamont 2017 90.9 79.0 63.5 112.8 90.2 68.8 15.5 829.8 
Lake Carl 
Blackwell 2018 75.7 214.9 71.4 151.1 70.6 181.6 11.7 997.2 
Perkins 2018 99.6 145.0 64.5 100.3 169.2 122.7 19.8 990.9 
Lake Carl 
Blackwell 2019 413.5 102.6 33.3 208.0 163.6 53.6 58.7 1327.2 
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Table 7. Initial soil test levels prior to treatment application, surface (0-15cm) and subsurface (15- 46cm), Garber 
north, OK, 2017. 
  Surface (0-15cm)   Subsurface (15- 46cm) 
Replication pH 
NO3-N, 





















1 5.0 1.9 4.2 30.9 1.2  6.0 2.0 2.0 17.2 0.8 
2 5.2 3.1 4.3 27.9 1.2  5.7 2.9 2.5 21.2 0.9 
3 5.2 2.7 3.4 40.0 1.3  5.8 2.0 2.1 19.9 0.8 
4 5.0 2.0 3.7 30.1 1.3   6.0 2.3 2.3 17.6 0.9 





Table 8. Initial soil test levels prior to treatment application, surface (0-15cm) and subsurface (15- 46cm), Garber south, 
OK, 2017. 
  Surface (0-15cm)   Subsurface (15- 46cm) 
Replication pH 
NO3-N, 





















1 5.7 4.7 2.6 17.1 1.2  6.2 2.1 2.1 10.9 0.9 
2 5.9 4.4 2.2 18.0 1.2  5.9 2.0 1.5 11.8 0.9 
3 6.1 1.6 2.9 20.2 1.4  5.7 2.6 1.9 12.9 0.9 
4 5.7 6.7 2.7 20.9 1.3   5.7 2.7 2.1 13.7 0.9 
All values represent the average of 15 cores that were taken from each replication. 



















Table 9. Initial soil test levels prior to treatment application, surface (0-15cm) and subsurface (15- 46cm), Lamont east, OK, 
2017. 
  Surface (0-15cm)   Subsurface (15- 46cm) 
Replication pH 
NO3-N, 


















1 6.2 1.2 1.8 15.5 1.1  6.8 1.5 3.6 11.4 0.8 
2 6.2 1.2 2.0 16.6 1.1  6.5 1.4 3.5 12.2 0.8 
3 6.3 1.3 1.9 17.0 1.1  6.4 2.0 3.3 11.6 0.7 
4 6.2 2.4 2.3 13.5 1.0   6.3 1.5 3.5 11.1 0.8 
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Table 10. Initial soil test levels prior to treatment application, surface (0-15cm) and subsurface (15- 46cm), Lamont west, 
OK, 2017. 
  Surface (0-15cm)   Subsurface (15- 46cm) 
Replication pH 
NO3-N, 





















1 6.5 0.8 1.7 18.7 1.1  7.6 2.5 3.1 13.4 0.8 
2 6.2 0.9 1.6 14.9 1.1  7.6 4.0 2.5 13.2 0.7 
3 6.2 0.7 1.5 15.7 0.9  7.6 3.5 3.2 15.3 0.7 
4 6.4 1.0 2.1 13.3 1.0   7.6 2.7 2.5 15.9 0.8 
All values represent the average of 15 cores that were taken from each replication. 





Table 11. Initial soil test levels prior to treatment application, surface (0-15cm) and subsurface (15- 46cm), Lake Carl Blackwell, OK, 2018. 
  Surface (0-15cm)   Subsurface (15- 46cm)  
Replication pH 
NO3-N, 



















1 6.2 8.4 25.6 9.4 13.0  6.4 12.8 14.9 8.1  6.9  
2 6.2 11.3 16.5 7.7 8.7  6.5 13.6 14.3 5.0  7.4  
3 6.1 14.1 18.5 9.4 8.3  6.7 18.9 14.1 6.8  8.1  
4 6.8 10.1 13.0 5.2  8.2   6.4 6.5 21.2 7.4   9.3  





Table 12. Initial soil test levels prior to treatment application, surface (0-15cm) and subsurface (15- 46cm), Perkins 
north, OK, 2018. 
  Surface (0-15cm)   Subsurface (15- 46cm) 
Replication pH 
NO3-N, 





















1 6.2 1.9 94.4 7.5 9.9  6.9 2.4 64.0 5.3 10.0  
2 6.1 1.9 104.6 6.8 12.1  6.8 2.3 39.7 5.1 12.1 
3 5.9 1.5 60.2 7.7 11.2  6.8 2.4 74.1 5.5 12.1 
4 6.0 1.1 47.9 8.0  9.6   6.9 2.0 75.1 5.9  11.1 
All values represent the average of 15 cores that were taken from each replication. 





Table 13. Initial soil test levels prior to treatment application, surface (0-15cm) and subsurface (15- 46cm), Perkins 
south, OK, 2018. 
  Surface (0-15cm)   Subsurface (15- 46cm) 
Replication pH 
NO3-N, 





















1 5.8 13.1 20.6 6.3 8.3  6.2 7.1 13.0 6.4 7.9  
2 5.6 13.1 14.8 7.6 8.3  6.0 8.9 17.4 9.2     9.2 
3 5.8 12.4 14.1 8.4 8.6  6.2 11.0 19.9 8.7 8.1 
4 5.8 13.2 14.7 5.6  9.2   6.3 11.4 13.8 8.4  8.5 
All values represent the average of 15 cores that were taken from each replication. 





Table 14. Initial soil test levels prior to treatment application, surface (0-15cm) and subsurface (15- 46cm), Lake Carl Blackwell, 
OK, 2019. 
  Surface (0-15cm)   Subsurface (15- 46cm)  
Replication pH 
NO3-N, 






















1 5.4 6.7 21.5 22.4 10.4  6.2 4.5 17.5 13.4 10.4   
2 5.7 4.5 19.9 20.2 10.0  6.2 4.5 16.8 13.4 9.9  
3 5.5 4.5 20.8 17.9 10.7  6.1 2.2 16.6 11.2 9.2  
4 5.7 4.5 20.8 20.2  10.4   6.5 2.2 16.1 9.0  8.5  
All values represent the average of 15 cores that were taken from each replication. 





Table 15. Treatment structure, treatment means, and single-degree-of-freedom contrasts for grain yield, oil, and protein for 2017, 













       
1 check  0 0 0.8 
A 193.1 A 445.4 A        
2 AN Pre 0 22.4 0.8 A 193.3 A 443.9 BA        
3 AN Side 0 22.4 0.8 A 202.4 A 432.1 B        
4 AS Pre 5.5 4.8 0.7 A 195.1 A 443.1 BA        
5 AS Pre 10.8 9.4 0.6 A 196.0 A 440.9 BA        
6 AS Pre 16.3 14.3 0.6 A 194.0 A 440.3 BA        
7 AS Side 5.5 4.8 0.7 A 197.6 A 438.4 BA        
8 AS Side 10.8 9.4 0.6 A 198.5 A 438.6 BA        
9 AS Side 16.3 14.3 0.6 A 200.2 A 437.4 BA        
SED     0.2 1.3 1.5        
TRT         ns ns ns        
Contrast (Treatments)                  
1. AN Preplant (2) vs AS Preplant (6)   ns ns ns        
2. AN Sidedress (3) vs AS Sidedress (9)   ns ns ns        
3. AN Preplant (2) vs AN Sidedress (3)   ns *** ***        
4. Preplant (4, 5, 6) vs Sidedress (7,8,9)   ns ns ns        
Means followed by the same letter were not significantly different, alpha= 0.05.        
*, **, ***, Significant at the 0.01, 0.05, and 0.10 probability levels, respectively; ns= non-significant.       
SED= standard error of the difference between two equally replicated means, AN= ammonium nitrate, AS=ammonium sulfate,  





Table 16.  Treatment structure, treatment means, and single-degree-of-freedom contrasts for grain yield, oil, and protein for 2017, 













       
1 check  0 0 1.4 
AB 197.0 AB 439.4 A        
2 AN Pre 0 22.4 1.1 B 189.8 B 446.0 A        
3 AN Side 0 22.4 1.2 AB 192.5 BC 443.8 A        
4 AS Pre 5.5 4.8 1.4 AB 191.7 BC 447.2 A        
5 AS Pre 10.8 9.4 1.3 AB 195.5 ABC 445.7 A        
6 AS Pre 16.3 14.3 1.2 AB 192.9 BC 447.3 A        
7 AS Side 5.5 4.8 1.1 B 195.3 ABC 444.8 A        
8 AS Side 10.8 9.4 1.5 A 201.1 A 439.5 A        
9 AS Side 16.3 14.3 1.2 AB 190.8 BC 445.0 A        
SED     0.3 1.1 1.3        
TRT         ns ** Ns        
Contrast (Treatments)                  
1. AN Preplant (2) vs AS Preplant (6)   ns ns Ns        
2. AN Sidedress (3) vs AS Sidedress (9)   ns ns Ns        
3. AN Preplant (2) vs AN Sidedress (3)   ns ns Ns        
4. Preplant (4, 5, 6) vs Sidedress (7,8,9)   ns ns Ns        
Means followed by the same letter were not significantly different, alpha= 0.05.        
*, **, ***, Significant at the 0.01, 0.05, and 0.10 probability levels, respectively; ns= non-significant.       






Table 17. Treatment structure, treatment means, and single-degree-of-freedom contrasts for grain yield, oil,  













       
1 Check  0 0 1.2 
A 144.2 A 281.1 A        
2 AN Pre 0 22.4 2.0 
A 210.6 A 400.3 A        
3 AN Side 0 22.4 1.7
 A 199.3 A 418.7 A        
4 AS Pre 5.5 4.8 1.4
A 196.3 A 421.3 A        
5 AS Pre 10.8 9.4 0.9 
A 149.7 A 316.4 A        
6 AS Pre 16.3 14.3 1.4 
A 205.7 A 407.6 A        
7 AS Side 5.5 4.8 1.9 
A 209.8 A 400.0 A        
8 AS Side 10.8 9.4 0.9 
A 148.8 A 318.4 A       
9 AS Side 16.3 14.3 1.3 
A 200.4 A 417.2 A        
SED     0.4 3.5 3.6        
TRT         ns ns ns        
Contrast (Treatments)                  
1. AN Preplant (2) vs AS Preplant (6)   ns ns ns        
2. AN Sidedress (3) vs AS Sidedress (9)   ns ns ns        
3. AN Preplant (2) vs AN Sidedress (3)   ns ns ns        
4. Preplant (4, 5, 6) vs Sidedress (7,8,9)   ns ns ns        
Means followed by the same letter were not significantly different, alpha= 0.05.        
*, **, ***, Significant at the 0.01, 0.05, and 0.10 probability levels, respectively; ns= non-significant.       






Table 18. Treatment structure, treatment means, and single-degree-of-freedom contrasts for grain yield, oil, and protein for 2017, 













     
  
1 check  0 0 1.8 
A 218.5 A 395.7 A        
2 AN Pre 0 22.4 1.7 A 216.1 A 396.4 A        
3 AN Side 0 22.4 1.5 A 217.6 A 392.7 A        
4 AS Pre 5.5 4.8 1.8 A 215.5 A 394.2 A        
5 AS Pre 10.8 9.4 1.4 A 213.1 A 398.9 A        
6 AS Pre 16.3 14.3 1.6 A 216.5 A 394.4 A        
7 AS Side 5.5 4.8 1.8 A 218.4 A 392.8 A        
8 AS Side 10.8 9.4 1.9 A 217.7 A 397.1 A        
9 AS Side 16.3 14.3 1.8A 216.4 A 394.0 A        
SED     0.3 1.1 1.4        
TRT         ns ns ns        
Contrast (Treatments)                  
1. AN Preplant (2) vs AS Preplant (6)   ns ns ns        
2. AN Sidedress (3) vs AS Sidedress (9)   ns ns ns        
3. AN Preplant (2) vs AN Sidedress (3)   ns ns ns        
4. Preplant (4, 5, 6) vs Sidedress (7,8,9)   ns ns ns        
Means followed by the same letter were not significantly different, alpha= 0.05.        
*, **, ***, Significant at the 0.01, 0.05, and 0.10 probability levels, respectively; ns= non-significant.       
SED= standard error of the difference between two equally replicated means, AN=ammonium nitrate, AS=ammonium sulfate,  




Table 19. Treatment structure, treatment means, and single-degree-of-freedom contrasts for grain yield, oil, and protein for 2018, 













       
1 check  0 0 3.0 
AB 186.5 A 329.8 A        
2 AN Pre 0 22.4 3.1 AB 184.2 AB 329.7 A        
3 AN Side 0 22.4 3.4 AB 181.8 AB 342.0 A        
4 AS Pre 5.5 4.8 2.8 B 176.3 B 340.1 A        
5 AS Pre 10.8 9.4 3.2 AB 180.2 AB 337.4 A        
6 AS Pre 16.3 14.3 3.2 AB 181.5 AB 337.3 A        
7 AS Side 5.5 4.8 3.6 A 183.2 AB 333.8 A        
8 AS Side 10.8 9.4 3.2 AB 185.5 A 339.3 A        
9 AS Side 16.3 14.3 3.3 AB 185.0 A 334.7 A        
SED     0.4 1.5 1.8        
TRT         ns ns ns        
Contrast (Treatments)                  
1. AN Preplant (2) vs AS Preplant (6)   ns ns ns        
2. AN Sidedress (3) vs AS Sidedress (9)   ns ns ns        
3. AN Preplant (2) vs AN Sidedress (3)   ns ns ns        
4. Preplant (4, 5, 6) vs Sidedress (7,8,9)   ns ** ns        
Means followed by the same letter were not significantly different, alpha= 0.05.        
*, **, ***, Significant at the 0.01, 0.05, and 0.10 probability levels, respectively; ns= non-significant.       
SED= standard error of the difference between two equally replicated means, AN=ammonium nitrate, AS=ammonium sulfate,  





Table 20. Treatment structure, treatment means, and single-degree-of-freedom contrasts for grain yield, oil, and protein for 2018, 













       
1 check  0 0 1.4 
A 1762 A 346.4 C        
2 AN Pre 0 22.4 1.1 A 172.5 AB 345.8 C        
3 AN Side 0 22.4 1.2 A 166.1 BCD 351.5 ABC        
4 AS Pre 5.5 4.8 1.4 A 168.1 BC 355.3 AB        
5 AS Pre 10.8 9.4 0.9 A 166.8 BC 347.8 BC        
6 AS Pre 16.3 14.3 0.9 A 158.8 D 360.3 A        
7 AS Side 5.5 4.8 1.1 A 168.5 BC 355.9 AB        
8 AS Side 10.8 9.4 1.0 A 170.5 ABC 352.9 ABC        
9 AS Side 16.3 14.3 1.2 A 164.6 CD 352.2 ABC        
SED     0.3 1.2 1.2        
TRT         ns * **        
Contrast (Treatments)                  
1. AN Preplant (2) vs AS Preplant (6)   ns ns ns        
2. AN Sidedress (3) vs AS Sidedress (9)   ns ns ns        
3. AN Preplant (2) vs AN Sidedress (3)   ns *** ns        
4. Preplant (4, 5, 6) vs Sidedress (7,8,9)   ns * *        
Means followed by the same letter were not significantly different, alpha= 0.05.        
*, **, ***, Significant at the 0.01, 0.05, and 0.10 probability levels, respectively; ns= non-significant.       








Table 21. Treatment structure, treatment means, and single-degree-of-freedom contrasts for grain yield, oil, and protein for 2018, 













       
1 check  0 0 3.3 
A 176.7 AB 336.0 A        
2 AN Pre 0 22.4 2.3 A 176.6 AB 335.0 A        
3 AN Side 0 22.4 2.7 A 177.8 AB 334.2 A        
4 AS Pre 5.5 4.8 3.0 A 176.5 AB 338.9 A        
5 AS Pre 10.8 9.4 2.9 A 178.4 AB 340.1 A        
6 AS Pre 16.3 14.3 3.3 A 179.0 AB 332.7 A        
7 AS Side 5.5 4.8 2.7 A 178.7 AB 333.3 A        
8 AS Side 10.8 9.4 3.4 A 175.0 B 337.2 A        
9 AS Side 16.3 14.3 2.7 A 180.4 A 334.4 A        
SED     0.4 1.0 1.4        
TRT         ns ns ns        
Contrast (Treatments)                  
1. AN Preplant (2) vs AS Preplant (6)   ns ns ns        
2. AN Sidedress (3) vs AS Sidedress (9)   ns ns ns        
3. AN Preplant (2) vs AN Sidedress (3)   ns ns ns        
4. Preplant (4, 5, 6) vs Sidedress (7,8,9)   ns ns ns        
Means followed by the same letter were not significantly different, alpha= 0.05.        
*, **, ***, Significant at the 0.01, 0.05, and 0.10 probability levels, respectively; ns= non-significant.       






Table 22. Treatment structure, treatment means, and single-degree-of-freedom contrasts for grain yield, oil, and protein for 2019, 













       
1 check  0 0 0.5 
AB 170.2 A 346.7 A        
2 AN Pre 0 22.4 0.5 AB 173.8 A 333.5 A        
3 AN Side 0 22.4  0.5 AB 172.0 A 340.3 A        
4 AS Pre 5.5 4.8 0.5 B 172.4 A 334.0 A        
5 AS Pre 10.8 9.4 0.5 B 175.5 A 333.0 A        
6 AS Pre 16.3 14.3 0.5 B 170.8 A 333.5 A        
7 AS Side 5.5 4.8 0.5 B 168.3 A 343.2 A        
8 AS Side 10.8 9.4 0.7 A 181.8 A 328.1 A        
9 AS Side 16.3 14.3 0.5 B 168.4 A 343.8 A        
SED     0.2 1.5 1.8        
TRT         ns ns ns        
Contrast (Treatments)                  
1. AN Preplant (2) vs AS Preplant (6)   ns ns ns        
2. AN Sidedress (3) vs AS Sidedress (9)   ns ns ns        
3. AN Preplant (2) vs AN Sidedress (3)   ns ns ns        
4. Preplant (4, 5, 6) vs Sidedress (7,8,9)   ns ns ns        
Means followed by the same letter were not significantly different, alpha= 0.05.        
*, **, ***, Significant at the 0.01, 0.05, and 0.10 probability levels, respectively; ns= non-significant.       





































    















    
 
   Figure 2. Correlation between protein and oil, Garber south, OK, 2017.   
 
  




































   Figure 3. Correlation between protein and oil, Lamont east, OK, 2017. 
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Correlation of Protein and Oil, Lamont West, 2017
 
 









































































































   Figure 7. Correlation between protein and oil, Perkins south, OK, 2018. 
 
  





































































INFLUENCE OF PREPLANT AND TOPDRESS NITROGEN ON WINTER WHEAT 
(Triticum aestivum) GRAIN YIELD. 
ABSTRACT 
The application of fertilizer nitrogen (N) either before planting and/or during the 
growing season impacts final grain yield differently depending on the environment. 
Oklahoma State University initiated a long-term winter wheat trial in 2002, to evaluate a 
combination of preplant and topdress rate on wheat grain yield and N response. This 
long-term field experiment is located at Lake Carl Blackwell, Oklahoma.  Treatments 
included combinations of all N applied preplant and added sidedress applications in 
February and March. Total N rates ranged from 0 to 150 kg N ha-1. Preplant N 
applications were made using ammonium nitrate (34-0-0) (N-P-K). Midseason February 
and March applications used urea ammonium nitrate (UAN) (28-0-0) as the N source. For 
all years, winter wheat was planted in October and harvested the following July. From 
2002 to 2018, grain yield, nitrogen response, and normalized difference vegetative index 
(NDVI) were analyzed to decipher the optimum preplant and topdress N combinations 
that would maximize wheat grain yields, over a wide range of environments (years).  It 
was clear over the ten years where yield data was collected, split N applications resulted 




Winter wheat is an essential cereal grain crop, providing dietary needs for the 
developed and developing world. The United States annually consumes 26 million total 
metric tons of wheat for food purposes, while exporting another 27 million metric tons to 
other countries (Bond and Liefert, 2017).  Work coming from UN DESA, 2015, notes 
that our world population will increase from 7.3 billion to 9.7 billion, by 2050. Wheat 
producers are challenged to deliver increased yields via more efficient fertilizer 
applications and management practices, consistent with the demand for food supplies.  
Mohammad et al. (2012), states that N is the most abundant element in the 
atmosphere. Nitrogen fertilizer is synthetically produced to provide sustainability to 
plants, increase yield, and improve grain quality (Mohammad et al., 2012). Nitrogen is a 
primary fertilizer used widely for cereal production, consisting of three main crops; 
maize (Zea mays), rice (Oryza sativa), and wheat (Triticum aestivum). According to 
Tilman (1999), global food production has doubled in the past 34 years, increasing N use 
6.87-fold.  
In 1999, nitrogen use efficiency (NUE) for world cereal crop production was 
estimated to be 33% (Raun and Johnson, 1999). Even with low NUE, the demand for N 
fertilizer has increased, with our continual rising world population. If N applications 
shadow poor management, yields can be affected in a negative manner and 
environmental pollution increases. Therefore, N research for optimum input, is critical to 
improve NUE percentages. Research will further increase yield, minimize N loss, and 
lower input costs. With the assistance of active sensors, various ongoing research projects  
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aim to increase crop NUE (Balcoh et al., 2010; Adam et al., 2008; Raun et al., 2008; 
Mulvaney et al., 2006). Due to the complexity of the N cycle, soil spatial variability, 
varying environmental conditions, and correct timing of N remains important 
(Mohammad et al., 2012).  
In order for NUE percentages to increase, accurate management practices for N 
applications are crucial. Nitrogen losses can occur throughout the growing season, due to 
environmental factors such as leaching, denitrification, volatilization, and runoff. Nitrate 
leaching in soil is a concern not only for farmers because of wasted fertilizer dollars, but 
also for the strict NO3 runoff/leaching regulations (Hubbard et al., 1984; Whitmore and 
Addiscott, 1986). Furthermore, Omara et al. (2020) noted that losses associated with N 
could be reduced with adoption of in season variable N application techniques.  
 Nitrogen plays an important role for producers wanting to reach a certain protein 
level. Protein content for wheat grain is one of the most vital quality indicators for 
milling and baking (Mohammad et al., 2012). Protein content in wheat has been adjusted 
worldwide and producers receive premiums if protein levels are above baseline (Curt et 
al., 2002). Desired protein levels for wheat, solely depend on the type of wheat and its 
use (Woolfolk et al., 2002). Various protein percentages are required, based on the 
variety of wheat. Hard red winter wheat, which is commonly used when making bread, 
noodles, and animal feed, require higher protein content ranging from 12-16% 
(Mohammad et al., 2012). Soft red winter wheat requires protein content ranging from 8-
11% (Mohammad et al., 2012). Nitrogen is essential for the make-up of protein. With the 
potential losses known to take place for N, average recovery rates fall in the range of 20 
to 50% for grain production systems in winter wheat (Raun and Johnson, 1999). Nitrogen 
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deficiencies that occur throughout the growing season can lead to lower protein quality, 
thus reducing premium potential for producers (Daigger et al., 1976).  
There are commonly two forms of application, when applying N in winter wheat. 
Producers in the Great Plains will apply all N before planting or apply a small amount in 
the fall followed by a late winter and/or early spring topdress application, also known as 
split or triple split applications (Kelly, 1995). Cooper (1974) stated that dry-land wheat 
receiving N at planting or before head emergence has the potential to increase grain yield 
but may show little or no effect on grain protein. Although preplant applications of N can 
reduce deficiencies early in the season, there is potential for negative effects to the 
environment (Woolfolk et al., 2002).  
Mascagni and Sabbe (1991) and Boman et al. (1995) stated, that split application 
of N (preplant and topdress) are critical when maximizing crop utilization of N and 
harvested grain yield. Davies et al. (1979) and Ellen and Spiertz (1980) discovered that 
topdressing N on winter wheat during the spring, resulted in a higher NUE as compared 
with all-preplant N. Roth and Marshall (1987) stated that yields from split and delayed N 
were greater than the maximum yield when N applications were all preplant. Alcoz et al., 
(1993), stated that applying all fertilizer N preplant versus split-applied, had less effect on 
yield and N parameters. Alcoz et al., (1993), further stated that in 1989, grain yield was 
significantly increased when split N applications were applied at Feekes growth stages 
four or six (Large, 1954). Alcoz et al., (1993) also stated, that in 1990, split N application 
at growth stage 10 increased yield compared with N applied at growth stages 4 or 6. 
Research from both years, stated that N uptake was the highest when split applications 
were made (Alcoz et al., 1993). Split applications not only increase yield, but protein as, 
46 
 
well. Research shows that protein concentration increases when late N applications are 
made through foliar or dry topdress applications (Pushman and Bingham, 1976; Westcott, 
1998). Recently, research conducted in Oklahoma noted an increase in grain protein 
concentration, and NUE without decreasing final grain yield with topdress application of 
N (Dhillon et al., 2020b).  
Late-season N applications allow producers to adjust N rates and management 
based on crop growth for that season (Woolfolk et al., 2002). Late-season applications 
reduce the chances of N loss, increasing yield and profitability for producers (Woolfolk et 
al., 2002). Availably of N late in the season when soil moisture is minimal and root 
uptake is slow, is crucial for increased yield and protein content.  
OBJECTIVE 
The objective of this study was to evaluate the effect of preplant and topdress N 
applications in winter wheat on wheat grain yield, and components of yield.  
MATERIALS AND METHODS 
One experiment was established in 2002 at Lake Carl Blackwell (LCB), 
Oklahoma, and that is ongoing. Soil for LCB is a Pulaski fine sandy loam, coarse loamy, 
mixed, superactive, nonacid, Udic Ustifluvent (USDA /NRCS soil taxonomy).  
Treatments include rate and time of N fertilizer application in varying 
combinations (Table 2.1). This experiment was set up in a randomized complete block 
design of 14 treatments and 4 replications. Different rates of total N applied (0, 45, 90, 
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135 and 180 kg N ha-1) were applied to evaluate N response. Average temperature and 
rainfall for each year was analyzed using data from the Oklahoma Mesonet (Table 2.2).    
The plot size was 4.86 m by 9.14 m. Urea (45-0-0) was used as the source of N. 
Phosphorus and potassium fertilizers (P-K) were applied based on soil test results using 
triple super phosphate (0-0-20) and potassium chloride (0-0-50). Each year, wheat was 
planted at a seeding rate of 100 kg ha-1. Weeds were controlled using post emergence 
herbicides. For all years, normalized difference vegetation index (NDVI) sensor readings 
were collected midseason between 70 and 120 GDD>0.  The growing degree days (GDD) 
metric is mathematically computed as the sum of the number of days from planting to 
sensing where ((Tmin+ Tmax)/2 – 4.4C) >0, and where Tmin and Tmax are the 
minimum and maximum daily temperatures, respectively.  The NDVI sensor used is 
manufactured by Trimble Navigation and where NDVI is computed as (NIR-
red/NIR+red) where all four values represent the fraction of emitted light for that 
bandwidth. The NIR and red wavelengths were 780±10 and 671±10 nm, respectively. 
Sensor NDVI data collected mid-season was used to further evaluate the relationship 
between these values and final grain yield.   
Post-harvest, grain weight and percent moisture was recorded and grain yield (kg 
ha-1) was calculated. Grain samples were dried and analyzed for total N content using a 
dry combustion analyzer. Data from 2007, 2008, 2013, 2015, and 2016 were not utilized 
due to drought or lack of sufficient data. Data from 2003, 2004, 2005, 2006, 2009, 2010, 
2011, 2012, 2014, 2017, and 2018 were used for statistical analysis using SAS 9.4, but 
where NDVI data was not available for all years. 
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RESULTS AND DISCUSSION 
2003, 2004, & 2005 
In 2003, split N applications had a significant impact on yield, as opposed to 
solely one preplant application of N (Figure 2.1). Topdress N application at 45 kg ha-1, 
had higher yields, in contrast to preplant applied N at 45 kg ha-1 (Figure 2.3). Between 
preplant and topdress rates of 90 kg N ha-1 , preplant resulted in increased yield (Figure 
2.4). This could have potentially been due to leaching of excess N or maximized plant 
uptake, therefore minimizing N use efficiency. Kanampiu et al. (2008) noted that uptake 
efficiency (total shoot N/soil N supply) and utilization (grain yield/total shoot N) of N in 
the production of grain was essential as it requires accurate processes of uptake, 
translocation, assimilation, and redistribution of N to operate effectively. Additionally, 
temperatures were also low from January to March (Table 2.1). Bauer et al. (2017) stated, 
that N efficiency for plant uptake was minimized when temperature and precipitation 
were low.  
In 2004, single split N was highest for increasing grain yield when 45 kg N ha-1 
was applied (Figure 2.1). A dramatic increase in response was noted, when comparing the 
zero-N check and 90 kg ha-1, showing that added N did in fact increased yield (Figure 
2.2). Similar results were seen when comparing the zero-N check and a triple split 
application 45 kg N ha-1 preplant (Figure 2.5). When comparing preplant and topdress 
applications at both 45 kg ha-1 and 90 kg ha-1, preplant applications showed a greater 
yield (Figure 2.3 and 2.4). This could be due to excess rainfall that was seen in the 
months of March, June, and July (Table 2.2). Applied N could have easily been leached 
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throughout the soil when excess rain occurred, resulting in depleted soil N, during the 
peak for grain fill (Wise et al., 2011).   
In 2005, topdress N applications were reported to increase yield, more-so than 
preplant applications (Figure 2.1, 2.3, 2.4). Evenly dispersed rainfall and adequate 
temperatures occurred throughout this year’s growing season, and that facilitated the 
benefits of fertilizer additions when applied in split quantities (Table 2.2).  
2006, 2009, & 2010  
In 2006, a boost in grain yield was noted in preplant N applications, when 
comparing preplant and topdress N applications (Figure 2.1, 2.3, 2.4, 2.5). This could be 
partially explained by increased total rainfall for the month of April (Table 2.2). Nitrogen 
leaching could have occurred in the soil, and where post topdress N application benefitted 
from late rainfall. Minimal differences were seen in total grain yield, when looking at 
preplant and topdress N applications of 45 kg ha-1 (Figure 2.1).   
In 2009, limited response was shown and where grain yield levels were low.  This 
was likely due to excess rainfall throughout the growing season (Table 2.1).  
In 2010, this trial was converted from conventional tillage to no-tillage. Minimal 
differences were seen between preplant and sidedress applications, relative to yield 
(Figure 2.1). Rainfall was high throughout the 2010 growing season, especially in the 
months of October, May, June, and July (Table 2.1). Increased overall yields, could 




2011, 2012, & 2014  
In 2011, increased temperatures and minimal rainfall, led to drought throughout 
the winter wheat growing season (Table 2.2).  Also, minimal rainfall was recorded in the 
months of June, July and August, when these lower grain yields were recorded (Table 
2.1). Higher yields were seen with topdress N applications, as opposed to preplant 
(Figure 2.1). Triple split application of 45 kg N ha-1 led to higher yields, when compared 
to the zero-N check (Figure 2.5). 
In 2012, a major drought occurred throughout the central great plains, causing 
economic issues for producers in the agriculture sector. Due to this, grain yield suffered. 
Even though grain yields were low, differences were detected between preplant and 
topdress N applications. It was noted that preplant applications were superior overall 
(Figure 2.1-2.5). This again could be explained by minimal rainfall following topdress N 
application, causing ammonia volatilization and minimal plant N uptake.  
In 2014, an increase in grain yield was noted for preplant N applications, when 
compared to preplant + topdress N applications (Figure 2.1, 2.3, 2.4, 2.5). This could be 
explained by minimal precipitation that was seen December through May (Table 2.2). 
Ammonia volatilization could have occurred, due to the limited rainfall, further 
minimizing plant N availability. Bacon et al. (1986), noted from research that 35 kg N ha-
1 can be lost from the soil, in five days when only 8.5mm of rainfall is seen.  
2017 & 2018  
In 2017 and 2018, similar results were recorded for increasing yields based on 
preplant and topdress N applications. Both years showed that topdress N was best for 
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increasing overall grain yield (Figure 2.3 and 2.4). Precipitation was evenly distributed 
throughout the growing season, in addition to having suitable rainfall. This assisted with 
adequate N use throughout the growing season. 
NDVI  
Sensor NDVI data was not consistently collected over the many years 
encumbered in this study.  Nonetheless, this does not diminish the value as it still remains 
important.  In 2011, 2012, 2014, NDVI values collected between 74 and 104 GDD>0 did 
show significant and positive correlation with final grain yield (Table 2.3).  Slope 
components were all highly significant and positive (Figure 2.6, 2.7, 2.8).  These findings 
are consistent with recent work by Dhillon et al., (2020a) who found that the optimum 
time for collecting sensor readings was when GDD>0 were between 97 and 112. When 
NDVI was collected within this GDD range, improved prediction of yield was expected.   
Added data from other years was available but where numerous issues were 
encountered and that prevented adequate analysis of this data and the underlying 
hypothesis that mid-season NDVI should be correlated with final, harvested grain yield.  
CONCLUSION 
Data collection for various preplant and topdress applications over 15 years 
clearly notes that environmental conditions are ever changing, leading to inconsistent 
results for the management practices evaluated. Despite the inconsistent results, mid-
season or topdress N applications were on average better than when all N was applied at 
or near planting.  
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This work further highlights that it is critical for producers to begin adopting precision 




TABLES AND FIGURES 
Table 23. Treatment structure and winter wheat grain yield, Lake Carl Blackwell, OK 2003-2017.       
 










Total N kg 
ha-1 
2003 2004 2005 2006 2009 2010 2011 2012 2014 2017 2018 
 Mg ha-1   
1 0 - 0 0 2.0E 3.5G 2.1DC 2.0F 0.1E 3.0A 1.4D 1.8AB 3.4A 2.5D 2.5AB 
2 0 - 45 45 2.9DE 4.0FG 2.6ABC 2.6E 0.1E 2.8A 1.9ABC 2.0 AB 3.4A 3.5ABC 2.2AB 
3 0 - 90 90 3.0CD 4.7CDE 2.3BCD 3.1DE 0.2ABC 2.7A 2.2ABC 2.3 AB 3.9A 3.7AB 2.8A 
4 0 - 135 135 3.8AB 5.1BCD 2.1DC 3.8C 0.3AB 2.9A 1.8BCD 2.1 AB 3.2A 3.3ABC 2.8A 
5 45 - 0 45 0.3D 4.5DEF 2.1D 3.7C 0.0E 2.7A 1.4D 2.3 AB 3.8A 3.3ABC 2.2AB 
6 45 - 45 90 3.5ABC 5.0BCD 2.7AB 3.9C 0.2ABCD 2.7A 2.1ABC 2.0 AB 3.3A 2.9DC 0.7B 
7 45 - 90 135 4.1A 5.1BCD 2.9A 4.2ABC 0.2BCDE 2.7A 2.2AB 1.7 B 3.7A 3.3ABC 2.4AB 
8 45 - 45 90 4.1A 5.3BC 2.6ABCD 4.2ABC 0.2BCDE 2.9A 1.8CD 2.3 AB 2.9A 3.9A 3.0A 
9 90 - 0 90 3.9A 6.1A 2.1DC 4.6A 0.1DE 3.1A 1.8BCD 2.5 A 4.1A 3.7AB 2.1AB 
10 90 - 45 135 4.0A 5.0BCD 2.8AB 4.5AB 0.1CDE 3.1A 1.8BCD 2.1 AB 3.2A 3.4ABC 3.1A 
11 90 - 45 135 3.9A 5.4B 2.4ABCD 4.2ABC 0.4A 3.0A 2.4A 2.1 AB 3.7A 3.1BCD 1.9AB 
12 90 - 90 180 4.0A 5.5AB 2.2BCD 4.1BC 0.3AB 2.9A 2.0ABC 1.9 AB 3.1A 2.9CD 2.4AB 
13 45 45 45 135 3.9A 4.9BCD 2.7AB 4.2ABC 0.3AB 2.9A 2.2ABC 1.7 AB 3.5A 3.1BCD 2.1AB 
14 0 45 45 90 3.3BCD 4.1EFG 2.5ABCD 3.2D 0.2BCDE 2.8A 2.3AB 2.3 AB 3.9A 3.5ABC 2.8A 
SED 0.3 0.3 0.3 0.2 0.1 0.3 0.2 0.4 0.7 0.4 0.9 
TRT           * * ** * * Ns * ns ns ** Ns 
Contrasts                             
Treatment 2 vs 5    ns *** ** * ns ns ** ns ns ns Ns 
Treatment 3 vs 9    ns * ns * ** ns *** ns ns ns Ns 
Treatment 7 vs 10    ns ns ns ns ns ns *** ns ns ns Ns 





Preplant N linear (Trt; 1, 5, 9)   * * ns * ns ns *** *** ns * Ns 
Sidedress N linear (Trt; 1, 2, 3, 4)   * * ns * * ns ** ns ns ** Ns 
Split N linear (Trt; 5, 6, 7)   * ns ** *** *** ns * ns ns ns Ns 
Preplant N quadratic (Trt; 1, 5, 9)  ns ns ns ** ns ns ns ns ns ns Ns 
Sidedress N quadratic (Trt; 1, 2, 3, 4)   ns ns *** ns ns ns ** ns ns *** Ns 
Split N quadratic (Trt; 5, 6, 7)   ns ns ns ns *** ns ns ns ns ns ** 
Means followed by the same letter were not significantly different, alpha= 0.05.          
*, **, ***, Significant at the 0.01, 0.05, and 0.10 probabilty levels, respectively; ns= nonsignificant.         
Preplant N applied as AN (34-0-0)            
Topdress N applied as UAN (28-0-0)             
SED= standard error of the difference between two equally replicated means, AN= ammonium nitrate, UAN= urea ammonium nitrate.     
55 
 
Table 24. Total rainfall and average temperature for September through August, Lake Carl Blackwell, OK 2002-19.         

























































Sept 105 23 75 20 19 23 90 24 42 21 78 21 71 23 0 21 43 24 65 24 102 23 
Oct 83 13 75 16 116 17 48 16 53 15 184 12 44 16 16 16 48 16 98 20 152 16 
Nov 6 8 54 10 126 10 0 11 67 9 39 12 49 10 67 10 41 8 22 13 0 11 
Dec 71 4 43 6 24 5 2 3 20 3 14 1 14 3 55 4 16 1 10 3 25 4 
Jan 2 2 57 3 70 3 18 8 4 2 26 1 8 0 24 5 2 2 65 5 0 2 
Feb 24 3 42 4 33 7 2 4 53 8 68 2 48 4 74 6 10 2 56 10 51 4 
Mar 79 9 101 12 18 10 47 12 92 12 42 10 21 11 100 16 31 8 49 13 25 11 
Apr 35 16 71 16 10 16 131 19 129 15 92 17 50 18 157 18 21 16 253 16 51 12 
May 85 20 6 22 98 20 85 22 83 19 181 20 99 20 28 23 17 21 66 20 102 24 
Jun 106 23 231 23 97 26 61 26 44 27 139 27 43 29 55 26 160 25 73 6 152 27 
Jul 16 29 111 26 82 27 80 10 126 27 112 28 19 32 2 31 101 25 0 28 76 28 
Aug 78 9 43 24 223 27 61 29 191 25 64 28 3 31 67 27 51 28 148 25 152 26 
Precip- precipitation, measured in mm                   





Table 25. Treatment structure,NDVI, and GDD>0, Lake Carl Blackwell, OK 2011-2014. 
          2011 2012 2014    
Trt 
Preplant 
N, kg ha-1 
February 
topdress, 
kg N ha-1 
March 
topdress, 




NDVI GDD > 0 NDVI GDD > 0 NDVI GDD > 0 
   
1 0  0 0 0.62
E 98 0.70DE 104 0.28A 74    
2 0  45 45 0.67
BCDE 98 0.68E 104 0.25A 74    
3 0  90 90 0.66
CDE 98 0.69DE 104 0.26A 74    
4 0  135 135 0.68
ABC 98 0.71CDE 104 0.26A 74    
5 45  0 45 0.63
DE 98 0.77AB 104 0.27A 74    
6 45  45 90 0.71
AB 98 0.75ABC 104 0.24A 74    
7 45  90 135 0.69
ABC 98 0.74ABCD 104 0.26A 74    
8 45  45 90 0.68
BCD 98 0.76Ab 104 0.27A 74    
9 90  0 90 0.70
ABC 98 0.77A 104 0.28A 74    
10 90  45 135 0.70
ABC 98 0.77AB 104 0.27A 74    
11 90  45 135 0.71
A 98 0.77A 104 0.26A 74    
12 90  90 180 0.69
ABC 98 0.75ABC 104 0.26A 74    
13 45 45 45 135 0.73A 98 0.76ABC 104 0.26A 74    
14 0 45 45 90 0.68BCD 98 0.72BCDE 104 0.27A 74    
SED         0.1   0.1   0.1      
TRT         *   *   ns      
GDD= growing degree days, number of days from planting to sensing where growth was possible, GDD was determined as (Tmin+Tmax)/2 – 4.4°C. 
NDVI= normalized difference vegetative index         
Means followed by the same letter were not significantly different, alpha= 0.05.         
*, Significant at the 0.01 probabilty level, respectively; ns= nonsignificant.        
Preplant N applied as AN (34-0-0), topdress N applied as UAN (28-0-0)            
SED= standard error of the difference between two equally replicated means 
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                             Figure 14. Correlation between NDVI and grain yield at 98 GDD, LCB, 2011. 
                              *GDD= growing degree days, number of days from planting to sensing where growth was possible, GDD was determined  
          as (Tmin+Tmax)/2 – 4.4°C. 
 
  




















Correlation between NDVI and Yield, 2011















                            Figure 15. Correlation between NDVI and grain yield at 104 GDD, LCB, 2012.     
      *GDD= growing degree days, number of days from planting to sensing where growth was possible, GDD was determined  
        as (Tmin+Tmax)/2 – 4.4°C. 
 
  





















Correlation between NDVI and Yield, 2012














                             Figure 16. Correlation between NDVI and grain yield at 74 GDD, LCB, 2014. 
                            *GDD= growing degree days, number of days from planting to sensing where growth was possible, GDD was determined  
        as (Tmin+Tmax)/2 – 4.4°C. 
 
  




















Correlation between NDVI and Yield, 2014
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